Introduction
Neonatal sepsis is a diagnosis made in infants less than 28 days of life and consists of a clinical syndrome that may include systemic signs of infection, circulatory shock, and multisystem organ failure. Neonatal sepsis may be divided into two types: early-onset neonatal sepsis (EONS) and late-onset neonatal sepsis (LONS). EONS is typically described as infection and sepsis occurring within the first 24 hours to first week of life [1] [2] [3] . LONS has been labeled as after 24 hours or after the first week of life, up to 28 days or 1 month [4] [5] [6] . The literature varies in the definition of EONS and LONS, but most categorize EONS as within the first 72 hours of life and LONS as after this time period up to 28 days [7] [8] [9] [10] . Some have proposed the need to create a unified definition worldwide to further develop accuracy in the diagnosis and treatment of EONS and LONS [11, 12•] .
Classifications of neonates can be separated even further depending on age and weight. A newborn is an infant within the first 24 hours of life, while a neonate is up to 28 days old. Preterm infants are those born at a gestational age less than 37 weeks, and term infants are those born at or after 37 weeks of gestation. Low birth weight (LBW) is considered less than 2,500 grams and very low birth weight (VLBW) is less than 1,500 g. Extremely low birth weight (ELBW) is used to describe neonates less than 1,000 g. These designations become significant when discussing the etiology of and risk factors for neonatal sepsis. Neonatal sepsis can also be defined as clinically diagnosed or confirmed by positive culture in a typically sterile bodily fluid. The gold standard for the diagnosis of neonatal sepsis is a positive culture in the blood, urine, cerebrospinal fluid, peritoneal fluid, or any other sterile tissues [13, 14] .
total of 1,107 citations. Limiting the search to articles published in the English language and including only human studies yielded a total of 1,055 citations. These 1,055 articles were manually reviewed for relevance and there were a total of 64 citations. The remaining 1,003 were not cited as they did not contain relevant information, contained outdated information, or were superseded by more recent articles.
Epidemiology
Worldwide, neonatal sepsis occurs in about 1 to 50 out of 1,000 live births and accounts for 3 to 30% of infant and child deaths annually [15, 16] . In a prospective study performed between 1997 and 1999 at several neonatal centers in South Korea, the incidence rate of neonatal sepsis was 6 per 1,000 live births in those with positive cultures and 30 per 1,000 live births in clinically diagnosed neonatal sepsis [7] . Fatality rates in this study were 2.2% in culture-confirmed neonatal sepsis and 4.7% in clinically diagnosed neonatal sepsis [7] . An analysis performed in Taiwan from 2001 to 2006 found an incidence rate of 4 out of 1,000 live births in all those diagnosed with neonatal sepsis either clinically or by positive culture [8] .
A retrospective study from the Netherlands showed a decrease in the incidence of EONS from 4% between 1978 to 1982 to 1.2% from 2003 to 2006 [17] . The incidence of LONS in this study increased from 7.1% between 1978 to 1982 to 13.9% from 2003 to 2006 [17] . A review from the United States (US) in 2012 reported that EONS occurs in 1.5 to 2% of VLBW infants and LONS in 21% of VLBW infants [18] . In an epidemiological study of culture positive diagnoses of neonatal sepsis in Switzerland from 2011 to 2015, the national incidence was 1.43 out of 1,000 live births with a mortality rate of up to 18% [19] . A systematic review that investigated the global burden of neonatal sepsis from 1979 to 2016 showed an annual incidence of three million cases of neonatal sepsis worldwide with a mortality rate of 19% [20] .
Etiology
The organisms and pathogens that are most associated with neonatal sepsis differ depending upon country involved. Pathogens range from gram positive and negative bacteria to viruses and fungi, with bacteria being the most frequently identified. The most commonly implicated bacteria include Staphylococcus aureus, coagulase negative staphylococci (CONS), Streptococcus pneumoniae, Streptococcus pyogenes, Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Salmonella typhi, and Group B streptococcus (GBS) [21] . Viruses include echovirus, enterovirus, parechovirus, coxsackie virus, adenovirus, parainfluenza virus, rhinovirus, herpes simplex virus, respiratory syncytial virus, and coronavirus [21] . Candida albicans and other Candida species are the most common fungi associated with neonatal sepsis [22] .
In the 1990s, the American Academy of Pediatrics (AAP) began to recommend the use of intrapartum antibiotic prophylaxis (IAP) to prevent perinatal GBS, and in 2002, the AAP and the American College of Obstetricians and Gynecologists instituted guidelines on the universal screening by culture of all pregnant women from 35-to 37-week gestation. Due to the widespread use of prophylactic antibiotics for neonates, particularly intrapartum antibiotic use in mothers with positive cultures for GBS, the incidence of GBS-associated neonatal sepsis has declined significantly, a decrease of 70% in the US [8, 23] . During the same period, other countries such as Canada and Taiwan have recommended the universal use of IAP and have seen a decline in the incidence of neonatal sepsis secondary to GBS infection as well [1, 24] . In such countries where IAP is utilized, the most common causative agents of neonatal sepsis are Escherichia coli and gram-positive organisms [1, 24] .
Risk Factors
In EONS, which is typically associated with vertical transmission of pathogens from mother to child, the most common pathogens are GBS, Escherichia coli, CONS, Haemophilus influenzae, and Listeria monocytogenes [3, 5, 25, 26] . In LONS, which is most commonly associated with iatrogenic or nosocomial infections, the most common pathogens are CONS, followed by Staphylococcus aureus and Escherichia coli [3, 17, 19, 24] . Risk factors include central venous catheter use and other invasive medical devices as well as prolonged hospitalization [27] . Other risk factors include preterm rupture of membranes, amnionitis, meconium aspiration, LBW, VLBW, ELBW, preterm birth, greater than three vaginal examinations during labor, fever in the mother during labor, or any other infection in the mother during labor [14, 16, 28] . In full-term infants, males have a greater incidence of sepsis compared to female infants, an association not found in preterm infants [21] . A study performed in the US found significant disparity and increased incidence of mortality secondary to neonatal sepsis among children from low household income backgrounds versus those from affluent households [OR 1.19 
Clinical Findings
Considering the relatively subtle findings seen during the clinical assessment, neonates are at significant risk of delayed recognition of sepsis until more ominous clinical findings and vital sign abnormalities develop. In the early onset type, they may have a history of fetal distress including fetal tachycardia in the peripartum period. Soon after delivery, there may be other clinical clues such as meconium-stained amniotic fluid and low Apgar scores on initial neonatal assessment. The caretaker may give a history of feeding intolerance, irritability, excessive sleepiness, or "just not looking right."
Vital sign derangements include both hypothermia and fever. Fever is more common in term babies whereas preterm babies more often demonstrate hypothermia. There may be tachycardia or bradycardia, signs of poor perfusion including cool and pale extremities, and a rapid thready pulse. Respiratory symptoms and signs are common in neonatal sepsis, including grunting, nasal flaring, use of accessory muscles of respiration, cyanosis, and episodes of apnea. Neurological symptoms and signs include lethargy, seizures, irregular respiration, high pitched cry, hypotonia, hypoactive deep tendon reflexes, and abnormal primitive reflexes. Gastrointestinal signs include decreased feeding, vomiting, diarrhea, jaundice, abdominal distension, and hepatosplenomegaly. Skin findings include petechiae, impetigo, cellulitis, and abscess. Underlying metabolic acidosis secondary to poor perfusion can manifest as tachypnea and respiratory distress in the absence of respiratory tract infection.
Diagnostic Testing
As the symptoms and signs of neonatal sepsis are often very subtle and vague, it is imperative to perform diagnostic testing in any neonate with significant risk factors and concerning signs and symptoms. There are various multivariate predictive scoring systems based on retrospective studies that may be used to predict the need for antibiotics and extensive laboratory evaluation of a neonate versus observation for concerning signs and symptoms. One such example is the EONS calculator based on a large retrospective population study performed in the US to support clinicians in the decision to start antibiotics in neonates suspected of having sepsis [30] . The newborn's prior probability of EONS obtained from maternal risk factors such as chorioamnionitis and premature rupture of membranes is combined with findings based on the clinical examination, creating a scoring system that can determine the need for antibiotics and level of monitoring required (Table 1 ). This scoring system has been shown to reduce the proportion of newborns undergoing extensive laboratory evaluation and administration of antibiotics without any adverse effects [31••] . The number needed to treat (NNT) for the high-risk group requiring antibiotics determined by this scoring system was still 118, highlighting the challenges involved in coming up with better diagnostic tools in picking up EONS at an early stage [32] .
A complete blood count (CBC) should be performed to assess for total and differential white blood cell count (WBC), absolute and immature neutrophil count, and the ratio of immature to total neutrophil count. Although an absolute leukocytosis has low sensitivity for neonatal sepsis, they may aid in clinical decision-making in cases where a low-to-moderate clinical suspicion for sepsis is present. Interestingly, a low WBC count, low absolute neutrophil count (ANC), and an immature to total neutrophil ratio (I/T) of 0.2 or greater have been shown to be highly predictive of infection [33] . Obtaining an I/T 2 ratio by dividing I/T with the total neutrophil count has been shown to have better specificity and area under the curve than I/T and ANC alone in diagnosing EONS [33] . An I/T 2 ratio would account for both the elevated immature neutrophils and any neutropenia which can be worrying in the background of sepsis. The sensitivity, specificity, likelihood ratios, and the area under the curve for ANC, I/T, and I/T 2 were found to be highest after 4 hours of birth as compared to anytime earlier [33] . Limitations with I/T and I/T 2 include the skill of the laboratory personnel performing the manual counts as well as their limited specificity. It is also important to note that there are multiple variables that can affect the various components of WBC, including a crying neonate, gestational age, and arterial versus venous sample [34] .
Blood culture remains the gold standard for confirmation of sepsis but is limited by low sensitivity and duration of time before a culture is determined to be positive (often around 24 to 72 hours). Fastidious organisms, maternal antibiotics, and small sample collection limit the sensitivity of blood cultures. False positives may occur due to inadequate skin antisepsis prior to sample collection. At least 0.5 mL of blood should be collected to improve the diagnostic yield. Samples should be collected from two different sites to reduce false positive results. If a central venous catheter is present, blood culture should be taken from both the line and a separate peripheral source, to assess for the differential time to positivity. This helps in distinguishing catheter-associated infections from other sources of infection, which has implications in clinical management.
Swab cultures from surface sites such as the eyes, ears, umbilicus, groin, throat, pharynx, and rectum may provide information about colonizing organisms. They, however, do not contribute to the decision on starting antibiotics, especially if the neonate appears well on clinical examination. Placental 2) Gestational age 3) Highest maternal antepartum temperature 4) Duration of rupture of membranes 5) Maternal GBS status 6) Type of intrapartum antibiotics (broad spectrum vs GBS specific) and the timing of administration in relation to birth.
Adapted from https://neonatalsepsiscalculator.kaiserpermanente.org/ InfectionProbabilityCalculator.aspx cultures may indicate the possible pathogen the fetus was exposed to but does not indicate infection [21] . Placental culture results should not, therefore, be used as a reason for antibiotic therapy. Urinary tract infections are uncommon in the first 72 hours of life. Urine cultures are therefore only performed in the evaluation of LONS [35] . Lumbar puncture (LP) should be routinely performed in neonates showing signs of EONS or LONS. About 23% of neonates with culturepositive bacteremia will have concomitant meningitis [36] . If LP has not been performed in a neonate whose blood culture is positive, it should be performed promptly. Negative blood cultures do not rule out meningitis, as 38% of these individuals will have positive cerebrospinal fluid (CSF) gram stain or culture [37] . False negative CSF gram stain and culture may occur in neonates treated with antibiotics prior to LP. Acute phase reactants such as C-reactive protein (CRP), procalcitonin, interleukin levels (IL-6 and IL-8), presepsin, haptoglobin, and neutrophil CD64 have been investigated as potential biomarkers for neonatal sepsis. CRP may not be elevated in early stages of infection, due to the time taken for its synthesis in the liver and eventual appearance in the blood. Serial measurements of CRP combined with other acute phase reactants such as procalcitonin, IL-6, and IL-8 may improve its diagnostic accuracy [38] .
Procalcitonin (PCT) is more specific than CRP for bacterial infections and rises more rapidly in response to infection than CRP. In normal birth weight infants, a PCT level greater than 0.5 ng/mL is associated with a nosocomial infection, whereas a level of greater than 2.4 ng/mL in VLBW infants should prompt antibiotic therapy [39] . It has been shown that procalcitonin-guided decision making is superior to standard care in reducing antibiotic therapy in neonates with suspected EONS [40] . PCT levels, however, can be elevated with noninfectious conditions such as respiratory distress syndrome, pneumothorax, intracranial hemorrhage, and hemodynamic instability [41] . Serial PCT concentration may be of utility in the evaluation of neonatal sepsis although PCT physiologically increases in the absence of infection over the first 48 hours of life [42, 43] .
Presepsin has been found to have a high level of diagnostic accuracy and has been recommended as a valuable marker in neonatal sepsis, albeit not as a single diagnostic test [44•] . A meta-analysis performed to investigate the potential of IL-6 concluded that it could be used as a valid marker for early diagnosis of sepsis in neonatal care units [45] .
Newer Diagnostic Techniques
Automated blood culture systems monitor continuously for positive signals, which improves time to detection of pathogens. Matrix-assisted laser desorption ionization time-offlight (MALDI-TOF) mass spectroscopy can identify organisms in blood cultures much earlier, allowing antibiotic therapy specific to the organism(s) involved [46] . Multiplex polymerase chain reaction (PCR) can detect the identity of the bacteria or fungi, as well as the presence of antimicrobial resistance genes within hours of identification of the pathogen [47] .
PCR can be performed on blood and other body fluids directly without the need to first culture causative organisms. Quantitative real-time amplification systems, known as qPCR, can be used to rapidly rule out the presence of organisms in body fluids, considering its high negative predictive value and a short time to results. The technique is based on 16S ribosomal deoxyribonucleic acid (DNA) amplification. qPCR utilizes a small sample volume and can be used for other bodily fluids such as pleural or peritoneal fluid. Disadvantages include the inability to perform antibiotic susceptibility testing, difficulty in differentiating a recent infection from an active infection, and the presence of contaminants that can give false positive results. Hence, clinical correlation should be made in the interpretation of these results.
Treatment and Management
Management varies depending on a number of factors including age, site of infection, suspected causative organism, microbial resistance patterns, and available resources. Consensus among authors exists that antibiotic therapy should be initiated as soon as neonatal sepsis is suspected, but there is no consensus regarding duration of treatment.
EONS Empiric Antibiotic Therapy
Recommendations from the Canadian Pediatric Society (CPS) and the AAP recommend initiating antibiotic therapy if clinical symptoms are present, with the AAP also recommending antibiotics in the presence of abnormal laboratory values or more than one risk factor (Table 2 ) [48] . The presence of maternal chorioamnionitis with no neonatal clinical signs warrants antibiotic initiation as per the AAP and only if present with laboratory abnormalities per the CPS. The US Center for Disease Control and Prevention (CDC) recommends empiric antibiotic therapy for all newborns with a maternal diagnosis of chorioamnionitis, regardless of the infant's clinical condition [48, 49] . Reevaluation at 48 hours and discontinuation of antibiotics if infection was unlikely was universally recommended [48] .
Antibiotic therapy should include intravenous ampicillin for GBS, and coverage for Escherichia coli and other gramnegative bacteria implicated in neonatal sepsis, such as gentamicin, with local antibiotic resistance patterns considered [49, 50] . The routine empirical use of broad-spectrum antibiotic agents should only be considered among term newborn infants who are critically ill until culture results are available. Elective genetic testing prior to aminoglycoside use is increasingly being considered to decrease the incidence of permanent hearing loss [51] . Further studies are required as this has not been evaluated in the neonatal setting. In low-resource settings, or when hospitalization is not possible, the use of intramuscular gentamicin and oral amoxicillin in lieu of intravenous medications has been recommended [52].
Treatment of LONS
Early diagnosis, appropriate antibiotic administration, and timely supportive management are the keys to successful treatment [53] . Most cases are attributable to Staphylococcus species and GBS, but about one-third are caused by gram-negative organisms. Most empiric antibiotic regimens include ampicillin, a third-generation cephalosporin, or meropenem, plus an aminoglycoside or vancomycin. In preterm infants, the most common isolates are CONS [54] . Vancomycin and teicoplanin are the antibiotics of choice for a proven and significant CONS infection, but their excessive use has been associated with the development of vancomycin-resistant enterococcus (VRE) infections and gram-negative infections. Their use as first-line antibiotics for nosocomial infection should be avoided. A combination of flucloxacillin and gentamicin can be used to treat the majority of cases caused by other organisms [51] . Clindamycin or metronidazole are sometimes added to cover anaerobic organisms in cases of necrotizing enterocolitis. Cefotaxime is commonly reserved for the treatment of infants with meningitis [53] . Infants with risk factors for candidal sepsis should receive fungal empiric therapy [10] .
Treatment with a beta-lactam or beta-lactamase inhibitor combined with an aminoglycoside for Enterobacter, Serratia, or Pseudomonas sepsis is recommended by many experts [53] . Meropenem is recommended for preterm infants with systemic extended-spectrum beta-lactamase infections. In one study, prolonged intravenous infusion of meropenem (over 4 hours every 8 hours) in neonates with gram-negative LONS was associated with better clinical outcome compared to the conventional strategy (over 30 min every 8 h) [55] .
Proven Bacterial Sepsis Without Meningitis
In blood culture-proven sepsis, it is reasonable to treat for 10-14 days. A shorter duration (7-10 days) of treatment may be considered in select situations, provided appropriate follow-up can be ensured [56] . Serial daily blood cultures should be performed until blood cultures are negative. Serial CRP measurements may also be used in deciding to discontinue antibiotics [56, 57] . An infant with symptoms can have a false-negative blood culture if antibiotics are given prenatally to the mother or if the blood sample is collected improperly. Hence, antibiotics should be continued for symptomatic infants and those with positive blood culture [56] . Continuing empirical antibiotic therapy in response to laboratory test abnormalities alone is rarely justified, particularly among well-appearing term infants [50] . Prolonged duration of initial empirical antibiotic treatment has been associated with death and necrotizing enterocolitis among premature infants [58] .
In resource-poor countries, empiric antibiotic therapy should be individualized for each hospital or region [56] . Consultation with a pediatric infectious disease specialist is warranted for failure of sterilization of the bloodstream (i.e., resistant or atypical organisms) and site-specific infections [50] . The use of pentoxifylline in neonatal sepsis was demonstrated to significantly decrease all-cause mortality during hospital stays in underdeveloped or developing countries, which warrants further investigation in large randomized clinical trials in capable countries [53] .
Hydrocortisone has cytokine-suppressing effects, and may improve patient's cardiovascular status, but has not been -WBC/diff ± CRP at 6-12 h evaluated in prospective randomized clinical trials for the treatment of neonatal septic shock [53] . Immunotherapeutic interventions such as intravenous immunoglobulin (IVIG) infusion, IgMenriched intravenous immunoglobulin, and granulocytemacrophage colony-stimulating factor are not recommended [53] .
Bacterial Meningitis
Intensive care with maintenance of cerebral perfusion, oxygenation, and prevention of hypoglycemia are crucial aspects of management [53] . Combinations of ampicillin, cefotaxime, and aminoglycosides have been suggested by different authors [51, 53, 56] . Cefotaxime plus an aminoglycoside is a good choice for the initial treatment of gram-negative meningitis, due to adequate central nervous system (CNS) penetration. Ceftriaxone may increase the risk of kernicterus in the first week of life and is to be avoided in that age range [59] . For uncomplicated meningitis, the duration of treatment is 14 days for GBS, Listeria monocytogenes, and Streptococcus pneumoniae, and 21 days for Pseudomonas aeruginosa and gram-negative enteric bacteria such as Escherichia coli. Longer duration of therapy is recommended in complicated cases or for delayed clinical improvement [60] . Consultation with a pediatric infectious disease specialist is warranted for cases that are complicated by meningitis. Neuroimaging options include cranial sonography and magnetic resonance imaging and may provide prognostic information [53] .
Herpes Simplex Virus (HSV) Infection
Empiric treatment with intravenous acyclovir (20 mg/kg/dose every 8 h) is recommended in cases of aseptic meningitis or suspected meningoencephalitis. Dosage adjustments are warranted in patients less than 34 weeks gestational age or in patients with significant hepatic or renal failure. Treatment is continued for 14 days in localized infections, or 21 days for disseminated disease or CNS infections. In all cases of neonatal HSV, suppressive therapy with acyclovir (300 mg/m 2 per dose, orally, 3 times per day for 6 months) immediately following parenteral treatment may improve outcomes in CNS disease and reduce recurrence [53] .
Congenital Pneumonia
Prompt diagnosis with recognition of risk factors, early administration of antibiotics, and supportive treatment are important for successfully treating congenital pneumonia. Commonly used antibiotics include ampicillin and gentamicin. Cephalosporins may be considered with failure of therapy with the aforementioned drugs or if Streptococcus pneumoniae is suspected. Supportive therapy includes surfactant replacement and nitric oxide inhalation for persistent pulmonary hypertension of the newborn [53] .
Prevention Strategies
The only proven preventive strategy for EONS is the appropriate administration of maternal IAP [50] . Measures that have been postulated to decrease neonatal infection in intensive care units include the consumption of 50 mL/kg/day of fresh (non-donor) human milk, and probiotics, as well as the restriction of H2-blockers, fluconazole, and lactoferrin [61] . Neither GBS IAP nor the aforementioned preventive measures will prevent bacterial LONS [50] . Guidelines for prevention of perinatal transmission of HSV recommend cesarean delivery for women with active genital lesions or prodromal symptoms. It is also recommended that pregnant women with a history of genital herpes infection begin taking oral suppressive therapy at 36 weeks of gestation [62] .
Conclusion
Though rates of neonatal sepsis have declined in some parts of the world, globally, it continues to be a significant problem. Testing modalities for the identification and diagnosis of neonatal sepsis continue to be developed, with new laboratory techniques still being tested. Monitoring and management of risk factors as well as IAP remain highly important in the prevention and control of infection in this vulnerable population. Treatment includes prompt antibiotic administration and supportive care in the appropriate hospital setting. Continued vigilance will be key in the diagnosis and management of neonatal sepsis.
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